Abstract
Introduction
Low urine pH (UpH) and high serum uric acid are considered evidence of metabolic disorders. The effect of low UpH on the development of metabolic syndrome (MetS) is less clear than that of high serum uric acid. We investigated the association between low UpH on the development of MetS and its components: central obesity, dyslipidemia, hypertension, and dysglycemia.
Methods
Two studies were conducted based on 2 datasets. The cross-sectional study included 14,511 subjects aged 19-80 years, based on the Korea National Health and Nutrition Examination Survey in 2013-2015. The retrospective cohort study included 3,453 subjects aged 19-80 years without MetS at the first checkup, who underwent at least 3 health checkups at a single tertiary hospital between 2011 and 2017. UpH was measured using an automatic urine analyzer in the range of 5.0-9.0 at first visit.
Results
In the cross-sectional study, low UpH (= 5.0) was associated with the prevalence of MetS (odds ratio [OR] = 1.480, 95% confidence interval [CI] 1.334-1.643, p<0.001), particularly central obesity, dyslipidemia, and dysglycemia (OR ranges 1.282-1.422, p<0.001, all). In the retrospective cohort study, compared with the highest UpH subgroup, the lowest UpH subgroup (= 5.0) was associated with higher risk of MetS development (hazard ratio = 1.394, 95% CI 1.096-1.772, p = 0.007). The incident risk of MetS increased from the highest to lowest UpH subgroups (p for trend = 0.020), among which dyslipidemia and dysglycemia increased (p for trend <0.01, all). 
Introduction
Metabolic syndrome (MetS) includes central obesity, dyslipidemia, hypertension, and dysglycemia components [1] . The more prominent the components of MetS, the higher the incidence of type 2 diabetes and cardiovascular mortality [2, 3] . In recent decades, marked environmental and lifestyle changes have occurred in Asia, including Korea, leading to a rapid increase in the incidence of MetS.
In patients with MetS, uric acid nephrolithiasis is significantly more common [4, 5] , and two mechanisms have been suggested; 1) increased acid excretion due to dietary habits (increased intake of animal protein and salt, decreased intake of alkaline-rich fruits and vegetables); 2) decreased renal ammoniagenesis and ammonium excretion due to increased insulin resistance [6] [7] [8] . Both mechanisms eventually decrease urine pH (UpH) and increase insoluble uric acid, ultimately increasing uric acid nephrolithiasis, which can be considered evidence of a metabolic disorder [4] .
Various cohort studies have proven that an increase in serum uric acid (SUA) increased the development of metabolic syndrome [9] [10] [11] [12] [13] , hypertension [14] , type 2 diabetes [15, 16] , stroke [17] , and cardiovascular mortality [18] . However, a causal relationship between UpH and MetS is unclear, and most studies have had a cross-sectional design [19] [20] [21] [22] . UpH is an easy test, so it can be used as an early predictor if the association between low UpH and development of MetS is proven. Accordingly, we aimed to validate the relationship between UpH and the prevalence of MetS using a cross-sectional study, and investigate the effect of low UpH on the development of MetS and its components through a retrospective longitudinal cohort study.
Subjects and methods

Study participants
We conducted cross-sectional and retrospective longitudinal cohort studies based on 2 datasets.
The first study was the cross-sectional study based on the data of the Korea National Health and Nutrition Examination Survey (KNHANES) in 2013-2015. KNHANES is a cross-sectional, population-based, nationwide survey that is regularly conducted by the Korea Centers for Disease Control and Prevention [23] . Of the 22,948 participants in the 2013-2015 KNHANES, we initially selected individuals aged 19-80 years old (total 18,034: 7,835 males and 10,199 females). Exclusion criteria were as follows: participants without urine data (n = 2,638) or serum data (n = 820); participants who had severe chronic kidney disease (estimated glomerular filtration rate [eGFR] <30 mL/min/1.73 m 2 , n = 26); and participants who were pregnant (n = 39). A total of 14,511 subjects were included in the final analysis ( Fig 1A) . All participants gave written informed consent. The survey protocol was approved by the institutional review board of the Korean Centers for Disease Control and Prevention.
The second study was the retrospective longitudinal cohort study based on the data of the Yeungnam University Hospital Health Promotion Center (YUHPC) (Daegu, South Korea). Of the 4,020 participants who received a health checkup at least 3 times between 2011 and 2017, we selected individuals aged 19-80 years old (total 4,001: 2,503 males and 1,498 females). Participants without urine or serum data (n = 84) and participants who had severe chronic kidney disease (eGFR <30 ml/min/1.73 m 2 , n = 50) at first checkup were excluded. A total of 3,867 subjects were included in the baseline analysis. Participants received a health checkup at intervals of 6 months to 3 years. The mean follow-up period was 48.2 ± 17.5 months (range 6-83). The new onset of MetS during follow-up was analyzed among subjects without MetS at first checkup (total 3,453: 2,130 males and 1,323 females) (Fig 1B) . All participants gave written informed consent. The study was approved by the institutional review board of Yeungnam University Hospital (YUMC 2018-02-011).
Measurements of biochemical and clinical variables
KNHANES data for sociodemographic characteristics, lifestyle factors, nutritional status, medical history, anthropometric values, and blood and urine tests were examined. Educational status was classified as less than high school graduation or more than high school graduation. Income status was classified by the income-based poverty rate, which was divided into quartiles; the first and second quantiles were defined as low income, and the third and fourth quantiles were defined as high income. Smoking status was classified as non-or ex-smoker and current-smoker (!100 cigarettes so far), and drinking status was classified as non-drinker and current-drinker (!1 drink per month in the prior year). Regular exercise was defined as moderate-intensity physical activity (!2 h 30 min/week), or high-intensity physical activity (!1 h 15min/week), or combined moderate and high intensity physical activity (1 min at high intensity = 2 min at moderate intensity). Food intake status was classified as stable or unstable by grouping the summation of 18 questions based on the US household food security/hunger survey module. Daily energy and nutrient intake were calculated using a food intake frequency survey, which the questionnaire consisted of 112 food items; the intake frequency of the items was divided into 9 responses, and the amount of intake was composed of 3 responses [24] . Blood pressure (BP) was calculated as the average of second and third BP readings. Height, weight, and waist circumference (WC) were measured by trained staff members. Body mass index (BMI) was calculated as body weight in kilograms divided by the height in meters squared (kg/m 
Definition of MetS and its components
MetS was defined according to the joint interim statement of the International Diabetes Federation criteria and National Cholesterol Education Program-Adult Treatment Panel III criteria [26] . A diagnosis of MetS required 3 of the following 5 factors: central obesity, with waist circumference (WC) !90 cm for Korean men and !85 cm for Korean women [27] ; raised-TG, with TG !150 mg/dL (1.7 mmol/L) or specific treatment for this lipid abnormality; reduced-HDL, with HDL-Cho <40 mg/dL (1.0 mmol/L) in males and <50 mg/dL (1.3 mmol/L) in females or specific treatment for this lipid abnormality; raised-BP, with systolic BP (SBP) !130 or diastolic BP (DBP) !85 mmHg or treatment of previously diagnosed hypertension; and raised fasting plasma glucose (FPG), with FPG !100 mg/dL (5.6 mmol/L) or previously diagnosed type 2 diabetes.
Statistical analysis
All statistical analyses were performed using SPSS (version 21.0, IBM Inc., Chicago, IL, USA). In comparing the features of MetS and non-MetS, baseline characteristics were presented as mean ± standard deviation (SD) values for continuous variables and as frequencies with percentages for categorical variables. The statistical significance of differences in continuous variables and categorical variables between 2 groups was determined using an independent sample T-test and Pearson's chi-square test. We defined the low UpH as < 5.5, with reference to previous studies [20, 21] . P values of <0.05 were considered statistically significant. In the multiple logistic regression analysis, the odds ratios (ORs) of UpH for MetS was analyzed by dividing UpH = 5.0 and, > 6.0. In the Cox regression analysis, the hazard ratios (HRs) of UpH for MetS was analyzed by subdividing UpH into = 5.0, = 5.5, 6.0-6.5, and, !7.0. ORs and HRs were reported with their 95% confidence intervals (95% CIs). For multiple testing, P values adjusted by Benjamini-Hochberg procedure were considered statistically significant to reduce the false discovery rate (S1 Table) [28] .
Results
Nationwide cross-sectional study (KNHANES, 2013-2015)
The mean age was 50.6 ± 16.1 years (range 19-80) and 44.9% were males. The prevalence of MetS, central obesity, raised-TG, reduced-HDL, raised-BP, and raised-FPG was 27.0%, 26.3%, 35.1%, 33.3%, 39.4% and 31.8%, respectively. The values of each MetS components are presented in Table 1 . The proportion of participants with UpH 5.0, 6.0-6.5, and !7.0 was 51.8%, 31.6%, and 16.6%, respectively. Table 2 compares demographic and metabolic characteristics of 14,511 participants in MetS and non-MetS groups (n = 3,921 vs. n = 10,590). The MetS group was significantly older, male predominant, less educated, and had lower income. In the MetS group, the percentage of current smokers was significantly higher, the percentage of current drinkers and regular exercisers was significantly lower, and food intake stability, daily total caloric intake, and protein and fat intake were significantly lower. Carbohydrate intake was not statistically different between groups. In the MetS group, systolic and diastolic BP, WC, BMI, FPG, HbA1c, fasting insulin, HOMA-IR, HOMA-B, T-cho, and TG values were significantly higher, and HDL-cho was significantly lower. LDL-cho was not significantly different between the groups. In the MetS group, the proportion with UpH = 5.0 compared to those with UpH !6.0 was higher (56.4% vs. 50.1%, p<0.001).
The ORs of UpH for MetS and its components were analyzed using multiple logistic regression analysis (Table 3 ). UpH was analyzed as a continuous covariate and categorical covariates were divided into UpH !6.0 (reference range) and UpH = 5.0. The logistic regression model was adjusted for age, sex, educational status, income, smoking, drinking, exercise, and daily intake of protein, fat, and carbohydrate. After adjustment, the ORs for MetS, central obesity, raised-TG, reduced-HDL, and raised-FPG were significantly increased, with UpH analyzed using both continuous (OR ranges 1.163-1.310, all p<0.001) and categorical (OR ranges 1.282-1.480, all p<0.001) covariates. The ORs for raised-BP were not statistically significant for either continuous or categorical UpH variables after adjustment.
Retrospective cohort study (YUHPC, 2011-2017)
The demographic and metabolic characteristics of 3,867 participants at first checkup are shown in Table 4 A total of 3,453 participants without MetS at first checkup were divided into 4 subgroups according to UpH values at first checkup: !7.0 (reference range), 6.0-6.5, = 5.5, and = 5.0. HRs for new onset of MetS and its components were analyzed using Cox regression analysis (Table 5 ). Within average follow-up period of 48.2 months (range 6-83), MetS was developed in 494 males and 141 females (total 635, 18.4%). The Cox regression model was adjusted for age, sex, eGFR, and SUA at the first checkup. After adjustment, the HRs of MetS, raised-TG, and raised-FPG increased significantly in the UpH = 5.0 subgroup compared to those in the reference subgroup (HR range 1.316-1.394, all p<0.01). The trend for incidence risk of MetS, raised-TG, reduced-HDL, and raised-FPG increased from the highest to lowest UpH subgroups (p for trend = 0.020, <0.001, 0.007, and 0.001, respectively). The HRs and trends for incidence risk of central obesity and raised-BP were not statistically significant. The cumulative incidence of MetS according to the 4 UpH subgroups is presented in Fig 2. Additional adjustments were made to raised-TG and raised-FPG to ensure that the association between UpH and one MetS component was not confused by other components (S2 Table) . In addition to the adjustment factors in Table 5 , the values of the other four MetS components were adjusted; WC, BMI, HDL-cho, SBP, DBP, and FPG (for raised-TG) or TG (for raised-FPG). Even after adjustment, the HRs of raised-TG (HR = 1.251, p<0.05) and raised-FPG (HR = 1.354, p<0.01) increased in the UpH = 5.0 subgroup compared to those in the reference group, and the trend for incidence risk also increased from the highest to lowest UpH subgroups (p for trend = 0.001 and 0.002, respectively).
Discussion
Our results showed that low UpH (= 5.0) was associated with the prevalence of MetS, particularly central obesity, dyslipidemia (raised-TG, reduced-HDL), and dysglycemia (raised-FPG), independent of age, sex, educational status, income, smoking, drinking, exercise, and daily dietary intake. Furthermore, low UpH (= 5.0) was associated with the development of MetS, among which dyslipidemia and dysglycemia increased, independent of age, sex, eGFR, and SUA.
There are few studies on the relationship between UpH and MetS. A study based on the KNHANES 2010 showed that UpH <5.5 was significantly associated with MetS, particularly raised-TG, and raised-FPG [20] . A study from a single health care center in Japan showed an association between lower UpH and MetS and its components, except for central obesity [21] or raised-BP [22] . In a 5-year, retrospective, Japanese cohort study, the risk of incident MetS was significantly elevated in males with UpH 5.0, and a high SUA and low UpH had a synergistic effect on development of MetS [29] . Our results reemphasize previous study results: an UpH value of 5.0 affects the prevalence and development of MetS. Both previous studies and the present study measured fasting spot UpH instead of 24-h UpH. Fasting spot UpH is not only convenient, cost-effective, but also has a significant correlation with the 24-h UpH [30] , and is suitable for health checkups or large-scale health behavior surveys. In our study results, the prevalence and development of raised-BP was not significantly associated with UpH. UpH may not be associated with all MetS components. MetS is featured by changes in insulin resistance in different organs of the body, a concept designed to predict the risk of cardiovascular dysfunction and type 2 diabetes [26] . The insulin resistance in adipose tissue, highly correlated with central obesity, results in the inhibition of the conversion of lipid from carbohydrates for storage, which confuses lipid and glucose homeostasis and induces fatty organs. Insulin resistance in vascular endothelium promotes hypertension, atherosclerosis, and disrupts systemic insulin sensitivity and glucose homeostasis [31] . That is, raised-BP is associated with metabolic abnormalities, but is also a separate pathogenesis. Changes in UpH probably originate directly from the metabolic abnormalities; central obesity, dyslipidemia, and dysglycemia, but not hypertension. We think that low UpH is a consequence of acidification of body fluids, and acidification of body fluids is the consequence of metabolic changes. An excessively low UpH is considered a renal manifestation of insulin resistance [4] , which is associated with a decreased ratio of ammonium to net acid excretion. Impaired ammonium production and excretion are caused by overload of free fatty acids in relation to the obesity and obesity-related MetS [8, 32] , and increased acid production is mainly due to obesity, MetS and type 2 diabetes [5] . Low UpH is not only the manifestation MetS, but also a factor that changes with metabolic changes, so it can be used as a predictor of progress in a person without MetS.
In our cross-sectional study, the daily intake of total energy, protein, and fat was significantly higher in the non-MetS group. Despite the many advantages of food intake frequency surveys, this may have been due to its limitations such as measurement error and recall error [33] ; participants with MetS might have reported less than they actually ate or might already have started dietary adjustments. Effective changes in dietary habits (dietary approaches to stop hypertension) are required to reduce the risk of MetS [34] and alkalinize UpH [35] . We adjusted eGFR and SUA as potential confounding factors while evaluating the impact of UpH on MetS development. Progressive decline in eGFR decreases renal ammonium excretion, causing metabolic acidosis that may alter UpH [36] . Moreover, increased SUA is a proven predictor of MetS development and should be considered as a confounder of UpH in MetS development [37] . Our study revealed that low UpH significantly affects MetS development, even after adjustment for these confounding factors.
Our study had some limitations. First, SUA values were not collected in KNHANES data, and variables of medical history, smoking, drinking, exercise, and dietary habits were not collected in the YUHPC data. Second, in KNHANES data, the UpH value was less subdivided and there was no UpH value of 5.5. Third, our study was based on a single determination of UpH, which may lead to random measurement error. Fourth, the participants in the YUHPC did not reflect a nationwide population, so a larger cohort study is needed to empower our research results. Finally, since these studies are mainly conducted in Asia, there may be differences depending on race, so further research is needed on other races.
Despite these limitations, our findings have the strength of a nationwide cross-sectional study and a relatively large, longitudinal cohort study. This is the first cohort study to analyze the contribution of UpH to development of MetS and its specific components. As our study showed that low UpH is significantly associated with the increase of dyslipidemia and dysglycemia, further study of the relationship between changes in UpH and beta-cell dysfunction, or progression of type 2 diabetes is essential.
In conclusion, low UpH can be used as a surrogate marker of MetS and affects the development of MetS, associative with the increase of dyslipidemia and dysglycemia in those without MetS. If UpH is 5.0, efforts to prevent metabolic disorders are warranted.
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